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Summary 


This report documents the results of an experimental study on how acoustic properties of 
certain absorbing liner materials are affected by non-standard atmospheric conditions. This 
study was motivated by the need to assess risks associated with incorporating acoustic testing 
capability in wind tunnels with semi-cryogenic high Reynolds number aerodynamic and/or low 
pressure capabilities. The study consisted of three phases: 1) Measurement of acoustic 
properties of selected liner materials at sub-atmospheric pressure conditions, 2) Periodic cold 
soak and high pressure exposure of liner materials for 250 cycles, and 3) Determination of the 
effect of periodic cold soak on the acoustic properties of the liner materials at sub-atmospheric 
conditions and the effect on mechanical resiliency. 

The selected liner materials were Pyrell foam. Fiberglass, and Kevlar. A vacuum facility 
was used to create the sub-atmospheric environment in which an impedance tube was placed to 
measure acoustic properties of the test materials. Results of the Phase I tests revealed that 
lower ambient pressure reduced the absorption effectiveness of the liner materials to varying 
degrees. 

An automated cryogenic cooling system was used to perform the Phase II tests. Super- 
cooled air was passed through the liner material placed inside a specially-designed chamber to 
reduce the material temperature. A computer was used to automate and control the data 
acquisition and cycling of each material test. A cycle consisted of reducing the material 
temperature to -150 °F, then pressurizing to 5 atmospheres, and then returning the material 
back to ambient temperature and pressure. Each liner material was subjected to a total of 250 
cycles. 

Finally, Phase I tests were repeated to determine the effect of periodic cold soak and high 
pressure cycling on the acoustic properties of the liner materials. Results indicate that no 
significant change in the acoustic properties occurred after the periodic cold soak. 
Furthermore, mechanical resiliency tests were earned out which indicated that no change in the 
liner material resiliency had occurred. 
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1.0 INTRODUCTION 


1.1 Background 

The need for new acoustic testing facilities has been chronicled in several recent reports that 
have examined the national wind tunnel testing capabilities 1 - 2 . However, in this current 
environment of fiscal restraint, it is likely that any new facility built in the foreseeable future 
will have to accommodate several purposes. Acoustic testing capability is completely 
compatible with low speed wind tunnel design, if considered in the beginning of the design 
cycle. One of the most urgent requirements for low speed research is in the area of high lift 
aerodynamics, which will require a high Reynolds number testing capability at low speed 3 - 4 . 
One possible method of reaching the high Reynolds number flow required is to use cryogenic 
or semi-cryogenic temperatures which would increase the Reynolds number similar to National 
Transonic Facility (NTF) and the newly commissioned European Transonic Wind tunnel 
(ETW). If a decision was made to incorporate acoustic testing capability at ambient 
temperatures into a wind tunnel with semi-cryogenic high Reynolds number aerodynamic 
testing capabilities, a number of design risks would have to be addressed. 

Although the NTF incorporates some acoustic treatment on the fan nacelle 5 , use of 
conventional sound absorbing materials in a wind tunnel that is exposed to extremely low 
temperatures may pose a threat to acoustic liner durability. In particular, two aspects, should 
be addressed: (1) will the acoustic liner material' s absorption characteristics change and (2) 
will the acoustic material mechanical properties change if the liner material is exposed to 
extremely cold temperature on a routine basis. If the acoustic absorption characteristics of the 
material change, then the prospect of combining acoustic testing in this facility diminishes. 
Similarly, if the material mechanically breaks down, then the possibility of loose acoustic 
material could interfere with the operation as an aerodynamic testing facility. Much of the 
advantage of combining acoustic testing in such a facility would be lost if the acoustic material 
had to be periodically replaced, or worse yet, required a frequent cleaning of the anti- 
turbulence screens. 
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Additionally, acoustic testing requirements may call for testing in a higher velocity range 
than that available in a facility optimized for high Reynolds number at low speeds. In such a 
case, it may be possible to reach higher velocities in the test section at lower tunnel internal 
pressure. What are the effects of pressure on the absorption characteristics of acoustic liner 
material? 


1.2 Program Objective 

The overall program objective was to study the effect of periodic cold soak and elevated and 
reduced ambient pressure on the acoustic and mechanical properties of selected sound 
absorption materials. 


1.3 Experimental Approach 

In order to study the effects of periodic cold soak and reduced ambient pressure on acoustic 
performance of typical liner materials, a three phase test program was initiated at the Georgia 
Tech Research Institute (GTRI). 

Phase I. Acoustic properties were determined for candidate liner material at 
sub-atmospheric pressure conditions via an impedance tube. 

Phase II. Periodic cold soak and high pressure exposure of liner material was 

accomplished via a cryogenic test chamber with controlled environment. 

Phase III. Re-evaluation of acoustic properties were determined for the liner 

material at sub-atmospheric pressure conditions as in phase I in order 
to establish effects of periodic cold soak. Mechanical resiliency was 
also examined by compression tests of the liner material before and 
after periodic cold soak. 

Three commonly used liner materials were chosen for testing: Pyrell foam, Fiberglass, and 
Kevlar. Acoustic properties were determined using a two-microphone impedance tube 6 . The 
two-microphone method provides acoustic properties for a range of broadband frequencies 
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simultaneously. Characteristic acoustic properties were computed using the Two Thickness 
Method, which has been documented by Smith and Parrott 7 . This method has the advantage 
of being relatively simple to apply. 

Phase I tests were conducted in GTRI's sub-atmospheric facility which consists of a large 
vacuum chamber 154 inches long with a 60 inch inner diameter. Four atmospheric pressure 
levels were examined: Standard atmospheric, 75%, 50% and 25% of standard. 

Phase II tests were conducted in a low temperature/high pressure facility which consists of a 
cryogenic chamber capable of housing multiple test samples. The chamber environment was 
controlled automatically by computer which allowed air to alternately cool or heat as well as 
pressurize and de-pressurize the test samples. 

Phase III acoustic tests were conducted in an identical fashion to those conducted in Phase 
I. The resiliency tests of Phase III were performed on a hydraulic tensile/compression testing 
machine. 
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2.0 TEST FACILITIES AND EXPERIMENTAL SET-UP 


Two main test facilities were used to accomplish the objectives of this program: The Sub- 
Atmospheric Facility and the Low Temperature/High Pressure Facility. The Sub- Atmospheric 
facility was used to study the acoustic properties of pressures lower than ambient. The Low 
Temperature/High Pressure Facility was used to subject the test materials to periodic cold soak 
and high pressure exposure. Acoustic properties of the candidate bulk materials were 
evaluated using a two microphone, industrial quality, impedance tube. For the sub- 
atmospheric tests, the impedance tube was placed inside the vacuum chamber that formed 
much of the Sub-Atmospheric Facility. Mechanical resiliency tests were performed on a 
hydraulic tensile/compression testing machine. Descriptions of these facilities and test 
configurations will be discussed in this section. 

2.1 Sub-Atmospheric Facility 


2.1.1 General Description 

To establish the desired non-standard atmospheric conditions, a suitable testing chamber 
was developed which could create a low (sub-atmospheric) pressure environment. An existing 
plenum chamber was converted into a vacuum chamber, capable of housing an impedance tube 
for acoustic testing. Figure 2.1 shows a schematic of the vacuum facility while figure 2.2 
shows the actual facility. The chamber is constructed of 301 stainless steel, with an overall 
length of 153.8 inches and a test section diameter of 60.0 inches. The test section is lined with 
4 inches of Pyrell acoustic foam. A vacuum attachment port is located on the top of the 
chamber and is connected through flexible metal tubing to a vacuum pump located in a shed 
outside the building housing the chamber. The port has a manually operated valve to seal the 
chamber when it reaches the desired test condition. 

As shown in figure 2.1, the chamber has two sections: one fixed to the floor (the right hand 
side section) and the other movable. The movable section glides on rails allowing for easy 
access to the test section. The chamber is also equipped with a number of access ports which 
can be used as viewing windows or electronic data interface locations . At present, the 
chamber has one port equipped with a Plexiglas window for viewing access to the test section. 
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APERTURE COVERED BY END PLATES DURING OPERATION 


DIMENSIONS: 

Overall length: 153.8" 
Overall height: 111.9" 

Test section diameter: 60" 
Test section length: 120" 
Centre-line above floor: 80" 
Viewport diameter: 10.89" 


2.1 Schematic of Sub- Atmospheric Facility. 



VACUUM PUMP ATTACHMENT 



Vacuum Chamber used for sub-atmospheric impedance tube tests. 


2.2 Photograph of actual Sub-Atmospheric Facility. 


The data interface consists of a plate mounted with four separate circular connectors, three 17 
pin connector and one 7 pin connector. The 7 pin connector is used for power supply, while 
one of the 17 pin connector is used as a data interface. The data interface allowed 8 BNC type 
electrical connectors to be passed from inside the vacuum chamber test section to the outside 
for data transfer during vacuum operation. Microphone cables are passed through a small 
opening on the side of the chamber and sealed separately. 

2.1.2 Vacuum Performance 

The pump used to evacuate the large vacuum chamber is a model 1395 Sargent-Welch 
Scientific vacuum pump with 41 Hp at 340 RPM capable of displacing 71 cubic feet per 
minute. The pump was connected to the vacuum chamber via a 4-inch diameter flexible metal 
tubing. The vacuum chamber’s internal ambient pressure was monitored by a digital pressure 
transducer. An open port attached to the fixed end of the chamber was connected to the 
transducer via copper tubing. The internal temperature was monitored with a thermocouple 
which was placed inside the test section with the display panel fixed in the viewing port. 

Once the movable portion of the vacuum chamber was bolted to the fixed portion of the 
chamber, the vacuum pump was operated until the desired internal ambient pressure was 
reached. Initial checkout of the vacuum operation showed that an internal ambient pressure of 
approximately 5% of standard atmosphere could be reached in 30 minutes. Figure 2.3 shows 
the pressure history during. vacuum operation. Note that approximately 8-10 minutes are 
required to reach 25% of standard atmosphere, the lowest pressure examined in this study. 
Return to the outside ambient pressure is achieved in approximately 15 seconds by opening 
one of four 2-inch diameter ports to the chamber. 

2.2 Impedance Tube 


2.2.1 General Description 

An industrial-quality impedance tube, B&K 4206, from Bruel and Kjaer (B&K) was used 
for the evaluation of acoustic properties of candidate liner material. The B&K 4206 impedance 
tube utilizes the two microphone method 6 of determining materials impedance. The 4206 
impedance tube provides impedance data for a range of frequencies simultaneously through 
broadband sound radiation from the tube's acoustic driver. This feature allows relatively quick 
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2.3 Evacuation rate of GTRTs vacuum chamber facility. 



determination of input impedance of liner materials compared to a standing wave impedance 
tube which acquires data at one frequency at a time. A frequency range of 50 Hz to 6400 Hz is 
possible by configuring the impedance tube with two measurement tube diameters. 

Since the impedance tube relies on plane wave impingement of sound onto the test sample, 
the tube diameter is critical to the frequency range of interest. The B&K 4206 impedance tube 
has a 100 mm diameter tube and a 29 mm diameter tube. This ensures plane wave propagation 
from 50 Hz to 1600 Hz (with the 100 mm diameter tube) and from 500 Hz to 6400 Hz (with 
the 29 mm diameter tube). The impedance tube was used to determine the acoustic absorption 
and reflection coefficients as well as normalized input impedance for all candidate liner 
materials. Material acoustic impedance values were calculated from these measurements. 

2.2.2 Impedance Tube Specifications 

The B&K 4206 Two Microphone Impedance Measurement Tube, shown in figure 2.4, 
consists of a large and a small measurement tube which corresponds to a large and small 
sample holder, respectively. The three basic tube set-up types are shown in figure 2.5. The 
acoustic sound source for the 4206 impedance tube is an 80 mm (3.15 in.) diameter 
loudspeaker mounted at one end of the tube with a maximum power of 10 Watts. A frequency 
weighting unit is also provided with the speaker with user-selectable settings of low pass, 
linear or high pass weighting of the input signal. 

The large measurement tube (100 mm diameter) has three flush-mounted microphone ports 
which allow for two different microphone spacing configurations. Wide microphone spacing 
(100 mm) gives better measurement coherence at frequencies below 100 Hz. The normal large 
tube set-up spaces the microphones 50 mm apart for a nominal frequency range of 100 Hz to 
1600 Hz and a bandwidth of 2 Hz. 

The small measurement tube (29 mm diameter) is mounted directly into the large 
measurement tube (see figure 2.4) and has two flush mounted microphone ports similar to the 
large tube microphone ports. The microphone ports are spaced 20 mm apart. The small tube 
set-up has a nominal frequency range of 500 Hz to 6400 Hz with a bandwidth of 8 Hz. 
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2.4 B&K 4206 impedance tube installed inside vacuum facility. 



2.5 Three basic set-up types for the B&K 4206 impedance tube: a) Small tube-standard; 
b) Large tube-standard; c) Wide spacing large tube. 



The 4206 impedance tube is supplied with two one-quarter inch B&K Condenser 
Microphones Type 4187. These microphones are designed to reduce air leakage from the 
inside of the impedance tube, thus the microphones are well defined with respect to phase. 
Dummy microphones are also supplied to seal up unused microphone ports in the tube during 
operation. 

2.2.3 Data Acquisition and Processing 

The B&K 4206 impedance tube is supplied with application software which works in 
concert with a two-channel signal analyzer and a 486-based computer to automate the data 
acquisition process. A B&K 2034 Dual Channel Signal Analyzer was used for the signal 
processing and a WIN 486 PC was used to control data acquisition. The B&K 2034 analyzer 
provided a broadband signal which was passed through a Cerwin-Vega amplifier before being 
sent to the speaker in the impedance tube. The microphone signals were input into pre-amp 
ports on the dual channel analyzer. Figure 2.6 shows a schematic of the data acquisition 
system. 

Besides driving the signal analyzer and the B&K 4206 impedance tube, the application 
software processes the acquired microphone data and calculates reflection and absorption 
coefficients as well as normalize impedance of the test sample. The software also automated 
the impedance tube calibration which was performed for each change of tube set-up and 
atmospheric condition. Acquired spectra for absorption, reflection, and normalized impedance 
was stored automatically on the computer's hard disk where further processing can be 
performed. 

Sub-atmospheric operation of the impedance tube was performed by placing the tube inside 
the Sub-Atmospheric Facility as shown in figure 2.7. A very small hole on the underside of 
the 4206 impedance tube ensures that the inside of the tube reaches the same ambient pressure 
as the outer environment (in this case, the inside of the vacuum chamber). The equalization of 
pressure between the inside and outside of the impedance tube was checked qualitatively. A 
balloon was fastened around an open microphone port on the impedance tube and the vacuum 
chamber was allowed to reach approximately 25% of atmospheric pressure. As expected, the 
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2.6 Schematic of the data aquistion system for the B&K 4206 impedance tube. 
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balloon expanded as the external pressure decreased faster than the internal pressure of the 
impedance tube. Within a few seconds, however, the balloon collapsed indicating an 
equalization of internal and external pressure. 

2.3 Low Temperature/High Pressure Facility 

A separate facility was developed to simulate a low temperature and high pressure 
environment for the candidate test materials. The purpose of this facility is to provide a non- 
standard environment in a cyclic manner. In this way, wind tunnel testing over a long period 
of time can be simulated in a shorter time frame. Materials exposed to these cycles can then be 
tested in the impedance tube to determine what, if any, changes have occurred in their acoustic 
properties. The facility used refrigerants flowing through a test chamber to reduce the 
temperature of the material to cryogenic temperatures on the order of -150 °F. The details of 
this system are given below. 

2.3.1 Cryogenic Cooling Chamber 

Two refrigerants were evaluated for their performance in the system: cooled compressed 
helium and cooled compressed air. In addition, the chamber design was a blow down system 
and did not recirculate the refrigerant. This meant that the large number of cycles planned for 
the present study would consume a considerable amount of refrigerant. Cooled helium was the 
preferable refrigerant but it was quite costly. Tests with air produced a number of serious 
problems primarily associated with freezing of air moisture and liquid oxygen which clogged 
air paths. However as shown below, we were able to circumvent most such problems. Air 
was thus chosen as the material refrigerant. The chamber which houses the liner material is 
shown in figure 2.8. The chamber can hold up to three samples of 100 mm diameter and three 
samples of 29 mm diameter which match the B&K 4206 impedance tube dimensions. The 
material sample holder which is placed inside the test chamber is shown in figure 2.9. 

The temperature of the liner material was monitored with Omega "T" type hypodermic 
thermocouples. The metal sheath of the thermocouples provides for the use of compression 
fittings to allow the thermocouples to be connected to the chamber. Three hypodermic 
thermocouples were inserted into the material sample. To ensure relatively consistent material 
temperature readings, two thermocouples were placed in one sample: one in the center and one 
near the outer edge of the 100 mm diameter sample (see figure 2.10 for thermocouple 
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2.8 Cryogenic cooling test chamber. 
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2.9 Dimensions of the cryogenic cooling material sample holder. 
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2.10 Sample holder for the cryogenic cooling chamber with thermocouple placements. 




locations). The third thermocouple was placed in the center of another 100 mm diameter 
sample. The larger diameter samples were chosen for thermocouple insertion as any material 
damage or loss due to the piercing by the sensor would be a small percentage of the overall 
material volume. Internal chamber pressure was monitored via a digital pressure transducer 
which was connected directly to the chamber wall with a compression fitting. 

The liner samples were subjected to three phases of cycling: (1) cooling phase, (2) 
pressurizing phase, and (3) warming phase. A short description of each phase is now 
provided. A schematic of the entire cryogenic cooling system as well as a photograph of the 
actual facility is shown in figure 2.11. The air flow through the facility was controlled with 
solenoid valves which are labeled A through G in figure 2.11. Valves A, B, E, F, and G are 
special cryogenic solenoid valves, able to withstand temperatures as low as -400 °F. 

Cooling Phase 

In order to cool the liner material samples in the test chamber, super cooled air must be 
produced. Compressed air (approximately 80 psi) is first passed through a heat exchanger 
which consists of coiled copper tubing submerged in liquid nitrogen. It was imperative that the 
air be as dry as possible before entering the heat exchanger because any moisture would freeze 
quickly and potentially clog the flowpath. Initially, this problem was encountered but it was 
abated by using an industrial air dryer upstream of the facility. The air dryer along with low 
humidity atmospheric conditions sufficiently alleviated the clogging problem. A precaution 
was taken to ensure that liquid oxygen was prevented from being blown into the test chamber. 
The cryogenic cooling of the air via liquid nitrogen reduced the air temperature close to or 
below the boiling temperature of molecular oxygen (-280 °F). Accordingly, an oxygen "trap" 
was inserted after the heat exchanger but before the test chamber, which used gravity to 
separate the liquid oxygen formed from the air (valve B in figure 2.1 1). Once during every 
cycle, the liquid oxygen is dumped into the liquid nitrogen container. Once cooled, the air 
enters the test chamber and flows through the liner material samples placed in the six 
cylindrical sample-holding slots. Figure 2.12 shows how the air flow passed through the 
material samples in the cryogenic cooling chamber. When the hypodermic thermocouples read 
an average desired temperature, the next phase began. 
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Schematic of Cooling/Heating System 
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2.11 Cryogenic Cooling Facility. 














Pressurizing Phase 

At the desired reduced liner material temperature, the exhaust valve on the back of the test 
chamber (valve G in figure 2.1 1) is closed and the pressure is allowed to build to a specified 
value. Once this pressure is reached, it is held for a pre-determined length of time. Then the 
chamber is vented back to ambient pressure. 

Warming Phase 

To complete the cycle, the liner material needs to be brought back to its ambient temperature 
condition. This is done by passing the compressed air through another heat exchanger which 
has coiled copper tubing immersed in a bath of hot water. The water is heated with an 
industrial quality immersion heater. Once the average liner material reaches ambient condition, 
the cycle begins again with the cooling phase. 

2.3.2 Data Acquisition and Control 

The cycle process previously outlined was executed 250 times for each liner material tested. 
Therefore, the facility was designed to operate automatically under computer control. The 
solenoid valves, which are marked A-G in figure 2.11, were used to control the air flow and 
the liquid nitrogen and were programmed to operate at prescribed times. A graphical language 
program called LabView (National Instruments) was used to implement the cycle process on a 
Macintosh Ilci platform. Using feedback from the hypodermic thermocouples as well as the 
test chamber pressure and liquid nitrogen temperature, LabView alternately opened and closed 
the correct valves. This allowed for "hands off" operation of the facility and provided 
consistency in testing for the numerous cycles that were performed. The only manual part of 
the operation was the changing of the liquid nitrogen tanks. A schematic of the computer- 
facility data acquisition and control system is shown in figure 2.13. 

The LabView program sampled the hypodermic thermocouple as well as the chamber 
pressure transducer every 20 seconds. The data were stored real time on the computer's hard 
disk. A cycle profile, with target temperatures and pressures for valve switching, was input in 
the computer program. Figure 2.14 shows a temperature and pressure profile for a generic 
cycle process. 
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2.13 Schematic of data aquisition system for the Cryogenic Cooling Facility. 
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2.14 Generic temperature and pressure cycle profile for the Cryogenic Cooling Facility. 
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3.0 TEST SAMPLE FABRICATION AND TEST PLAN 


3.1 Liner Materials Used for Testing 

Three liner material samples were chosen for testing. There were: typical open-celled foam 
called Pyrell, a form of Fiberglass, and layered Kevlar fabric. These materials represent a 
wide range of bulk densities and porosities. Table 3.1 lists the porosity and density of each 
test sample. 



Porosity 
(% open space) 

Density 
(g/cm A 3) 

Remarks 

Pyrell Foam 

91 

0.03328 

Open-Celled Foam 






95 

0.05437 

Layered Fibers 





Kevlar 

87 

0.09454 

Compressed Fiber Cloth 


Table 3.1 Physical properties of liner material chosen for present study. 

Figure 3.1 shows photographically the three liner materials tested. Each test material was 
obtained from a different source and was not available in the same thickness. The Pyrell foam 
existed in 4-inch thick sheets. The Fiberglass came in 2-inch thick sheets while the Kevlar 
fabric was available in the form of 0.375-inch sheets. 

Characteristic acoustic properties were calculated using the Two Thickness Method, relying 
on impedance testing of two different thicknesses of each material, specifically, one sample 
being twice as thick as the other sample. Details of this approach and measurement technique 
are presented in appendix A. 

3.2 Sample Cutting Process and Impedance Tube Mounting 

Two different thicknesses of each material were cut using a circular cutting tool. Two 
different diameter cutting tools were fabricated which correspond to the diameters of the B&K 
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4206 impedance tube. The cutting tool was used in conjunction with a sample holding jig 
which holds a square material sample. By placing the cutting tool and holding jig on a lathe, a 
circular sample can be cut as the holding jig is forced into the spinning cutting tool. Figure 3.2 
shows one of the sample cutting tools and its corresponding sample holding jig. Various lathe 
rpm's were tried before quality cylindrical samples could be cut. 

Once cut into cylindrical pieces, the samples can be placed either in the B&K 4206 
impedance tube or the cryogenic cooling chamber. No special mounting techniques were 
employed for impedance tube mounting (i.e., no epoxy or tape was used). Mounting test 
samples is an important factor in impedance tube testing. If the boundary conditions are not 
completely satisfied, the measurement technique loses accuracy. The boundary conditions 
required to be met in an impedance tube are that the test sample is in contact with an 
acoustically hard or rigid surface everywhere except that portion which faces the sound source. 
Thus, if any air gaps (or conversely, compression of material, i.e., too tight a fit) exist around 
the sample, the measurement of acoustic properties would not be completely accurate. With 
this in mind, care was taken in the cutting of the liner samples to fit in the impedance tube. In 
general, good quality "fits" were produced using the method described above. 

The samples fit into the sample tube of the B&K 4206, which was mounted horizontally in 
the sub-atmospheric facility (see figure 2.7). Because of the fixed thicknesses which the 
material was originally available in, stacked mounting was used to achieve desired thicknesses 
of Fiberglass and Kevlar. The interface surfaces were not continuous and thus do not reflect 
exactly a sample of continuous bulk density. How this mounting technique affects the 
calculation of the acoustic properties will be discussed later. 

3.3 Test Plan 

3.3.1 Sub-Atmospheric Acoustic Test 

Tests performed in the B&K 4206 impedance tube were carried out before and after the 
Low Temperature/High Pressure cycle test. Each material was tested for two different 
thicknesses, two different diameters and at four different atmospheric pressure conditions. 
Table 3.2 shows the test matrix followed for this study. 
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3.2 Test sample fabrication tools. 




Material 

Diameter 

Pressure 

Length 

Pyrell 

29.0 mm 

100%, 75%, 50%, and 25% of ambient 

50.8 mm 
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Fiberglass 

29.0 mm 

100%, 75%, 50%, and 25% of ambient 

50.8 mm 

ii 

ii 

n 

•• 
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it 

it 

101.6 mm 

ii 

ii 
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100.0 mm 
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50.8 mm 
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101.6 mm 
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Kevlar 
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29.0 mm 
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28.6 mm 
57.2 mm 
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100.0 mm 

ii 

it 

ti 

28.6 mm 
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57.2 mm 
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Table 3.2 Test matrix for sub-atmospheric study of liner material acoustic properties. 
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3.3.2 Low Temperature/High Pressure Cycle Test 

The low temperature/high pressure cycle test for each material was carried out after the 
initial acoustic property tests were completed. Each material was subjected to 250 cycles in the 
cryogenic cooling test chamber. Only one material was tested in the chamber at a time, so a 
total of three, 250 cycle, tests were conducted. For each test, the material sample was cooled 
to -150 °F nominally. At this low temperature, the test chamber was pressurized to 500% 
atmospheric pressure nominally. This condition was held for 1 minute until the chamber was 
returned to atmospheric pressure. The samples were then warmed back to nominal temperature 
of 70 °F, thus completing the cycle. 

3.3.3 Mechanical Resiliency Test 

As a way of determining the mechanical effects of continuous cycling on acoustic liners, a 

test was set up which measured the material's resiliency before and after continuous cycling. 

Only Pyrell and Fiberglass materials were used for this test. The nature of the Kevlar fabric 

along with its available thickness precluded any useful results in this test. A hydraulic 

% 

tensile/compression machine was used to compress the liner samples (see figure 3.3). The 
hydraulic drive compressed the samples to a specified thickness (one-half, one-quarter the total 
thickness). The sample was then unloaded and allowed to return to its original shape. Any 
differences from the original thickness was recorded. Results from the before and after cycled 
material were then compared to ascertain any evidence of reduced resiliency. 

Each test sample was also examined visually for any obvious changes in structure, color, 
and hardness. 
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3.3 Hydraulic tensile/compression rig used for mechanical resilency tests. 



4.0 RESULTS OF NON-STANDARD ATMOSPHERIC TESTS 


4.1 Summary of Findings 

The results of sub-atmospheric acoustic tests, before and after cycling through a very low 
temperature and high pressure environment, are summarized in the following statements: 

1 ) . Sub- Atmospheric pressure reduces the absorption performance of the bulk 

materials tested. However, this trend is not linear. 

2) . Repeated cryogenic cooling and pressurization of tested materials seem to 

have no effect on acoustic properties. 

3) . Repeated cryogenic cooling and pressurization have no effect on mechanical 

resiliency (only Pyrell and Fiberglass). 

These are the basic conclusions of the present work and they directly address the questions 
posed in Section 1. The results indicate that prolonged exposure of acoustic liners to non- 
standard atmospheric conditions, have no detrimental effects on the acoustic properties of this 
material. This has positive implications for wind tunnel designs that may have acoustic as well 
as aerodynamic testing capability. 

In addition to the central conclusions stated above, insight was obtained on the acoustic 
absorption characteristics of the different materials tested. For example, it was found that 
Kevlar reached its peak absorption performance after approximately one inch of thickness is 
achieved. Also, some limitations were observed in the application of the Two Thickness 
Method to determine the characteristic properties. Detailed results of the impedance tube, 
cryogenic cooling and mechanical resiliency tests will follow. Note that only select data will be 
presented in the forthcoming discussion. The data in its entirety will appear in Appendix B. 
Finally, unless otherwise stated, all acoustic impedances quoted in this report are normalized 
i.e., the measured acoustic impedance is normalized with respect to the ambient impedance of 
air. 
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4.2 Impedance Tube Results - A Confidence Check 

To obtain confidence in the accuracy of results obtained from the B&K 4206 impedance 
tube system described in Section 2 of this report and also in the "Two Thickness Method" of 
determining characteristic acoustic properties, comparison with other available data was made. 
This was done by using data acquired under another task funded by NASA under the technical 
monitorship of Mr. Tony Parrott 8 . A ceramic honeycomb material (CT73) obtained from 
NASA Langley Research Center was cut into two samples with diameter of 29 mm and 
thickness of 43.94 mm (1.73 inches) and 87.88 mm (3.46 inches), respectively. The samples 
were mounted in the impedance tube with no special sample mounting attachment, (i.e., no 
epoxy or tape). Figure 4.1 shows a comparison of characteristic acoustic property data 
acquired at GTRI and data acquired at NASA and provided by Mr. Tony Parrott. The NASA 
data were acquired with a non-circular impedance tube (thus a non-circular test sample) with a 
material surface area somewhat larger than that used in the GTRI data. Also the NASA test 
sample was mounted in the impedance tube with epoxy. Even with these noted differences, 
figure 4.1 shows very good agreement between GTRI data and NASA data. The GTRI results 
were obtained using the Two Thickness Method outlined in appendix A. 

To obtain further confidence in our results, absoiption coefficient and input impedance data 
were also compared with data from GE 9 . Figure 4.2 shows comparison of GTRI acquired 
impedance data with those of GE for Kevlar fabric. There is very good agreement with 
between the GTRI data and the GE data. The Kevlar samples were provided to GTRI by 
NASA in 9.525 mm (0.375 inch) thick sheets. To produce a 19.05 mm (0.75 inch) thick 
sample for comparison with GE data, two samples were placed on top of each other in the 
B&K 4206 impedance tube. The type of impedance tube and mounting conditions were not 
specified in the reference where the GE data, was found. However, the apparent discrepancy 
with the GTRI data at about 2250 Hz in figure 4.2 can be explained by the non-continuous 
Kevlar sample. By placing sheets of sample on top of each other to obtain a pseudo- 
continuous thickness, the possibility of impedance mis-matching between surfaces is almost 
certain. 
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Figure 4. 1 Two Thickness Method comparison with NASA CT73 ceramic 
honeycomb characteristic acoustic data. 
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Figure 4.2 Comparison of present data with GE data for Kevlar, L=19.05 mm (0.75 in.) 
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4.3 A Word About Impedance Tube Data Overlap 

The operating principles of an impedance tube require that a planar sound wave travel from 
one end of the tube and strike a sample at the other end of the tube. For this to occur, higher 
order duct modes must be not be excited. For a given tube cross sectional area (in the present 
case, diameter), a plane wave can be sustained with no higher order modes up to a certain 
frequency known as the "cut on" frequency. The "cut on" frequency is that which excites the 
next higher order duct mode. 

The B&K 4206 impedance tube is equipped with two sample holding diameter sections (see 
Section 2). This is to provide a wider range of frequencies which will produce plane wave 
propagation inside the tube. The 100-mm diameter tube has a plane wave frequency range of 
16 Hz to 1600 Hz. The 29-mm diameter tube has a frequency range of 500 Hz to 6400 Hz. 
Note that there is a range, 500 Hz to 1600 Hz, where the data from both tube sizes overlap. 
One should expect that the data in this range should be identical for each tube size. This is 
rarely the case in practice. There are two main reasons for this. First, there is no adequate 
way of ensuring the same mounting conditions for the samples used in the small tube and the 
large tube without introducing epoxies and other foreign material. Since the mounting 
conditions are not identical, the measured input impedance is not identical. Secondly, any 
surface non-uniformities in the material may be small as a percentage of surface area for the 
large-tube sample but relatively large for the small-tube sample. This may result in different 
measured impedances. 

Nevertheless, even though a perfect data match will not occur in the overlap region, one 
should expect to see similar trends. As an example of this reality, figure 4.3 shows absorption 
coefficient results for Fiberglass with the two impedance tube diameters. Note that the trends 
are similar even though the actual data are not identical in the overlap range. Since the small- 
diameter tube covers a larger frequency range, all data shown in this section of the report uses 
data from the 29- mm diameter impedance tube. More comprehensive data including the larger 
impedance tube diameter are presented in Appendix B. 
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Figure 4.3 Example of "data overlap" from impedance tube results of Fiberglass. 



4.4 Sub-Atmospheric Pressure Effects 

Following the test matrix shown in table 3.2, reduced-pressure effects on the acoustic 
properties of the liner materials were carried out in the vacuum chamber facility. The effect of 
reduced pressure on the bulk materials tested was a diminished degree of sound absorption. 
This effect was more pronounced in Kevlar and less pronounced in Fiberglass and Pyrell. 
Figures 4.4, 4.5, and 4.6 show the absorption coefficient spectra for Pyrell, Fiberglass, and 
Kevlar, respectively. The data shown in these figures were obtained from the 29-mm diameter 
samples of specified lengths, thus the frequency range was 500 Hz to 6400 Hz with a band 
width of 8 Hz. Similar trends were found with the larger diameter samples with a frequency 
range of 100 Hz to 1600 Hz and band width of 2 Hz. There is an apparent discontinuity in the 
Fiberglass and Kevlar data in figures 4.5 and 4.6, respectively. For Fiberglass, this occurs 
around 1250 Hz and for Kevlar around 1750 Hz. As alluded to earlier in this section, it is 
believed that this phenomenon is the result of surface discontinuities inherent in the test 
samples arising from the multiply-stacked layers of material needed to achieve the desired 
length. The discontinuity is more prevalent in the Kevlar where six layers were stacked 
together to achieve a thickness of 57.5 mm (2.25 inches). Only two layers of Fiberglass 
material were used to obtain a 101.6 mm (4.0 inch) test sample. 

Fiberglass Results 

Characteristic acoustic properties were computed and were consistent with the absorption 
coefficient data presented above. For Fiberglass, the lengths tested were 50.8 mm (2.0 inches) 
and 101.6 mm (4.0 inches). From the input impedance of these two tests the characteristic 
impedance was calculated (see Appendix A for calculation details) and is presented in figure 
4.6. Figure 4.7 shows only the two extreme ambient pressures tested, namely, atmospheric 
and 25% of atmospheric. The trends show that the reactance for the 25% case is more negative 
than the atmospheric case. Also the resistance for the 25% case is more positive than the 
atmospheric case. It is this trend that is reflected in the reduced absorption coefficient for 25% 
atmospheric pressure. This is consistent with the theory of sound absorbing bulk materials 10 
which states that perfect absorption occurs when the normalized resistance is unity and the 
reactance is zero. 
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Figure 4.4 Effect of pressure on absorption coefficient of Pyrell foam. 
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Figure 4.5 Effect of pressure on absorption coefficient of Fiberglass. 
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Figure 4.6 Effect of pressure on absorption coefficient of Kevlar. 
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The attenuation rate is the real component of the propagation constant and is a characteristic 
measure of the sound dissipation of a bulk material. The attenuation rate of Fiberglass is 
shown in figure 4.8. Again, only the two extreme ambient pressures are shown. The 
dissipation rate seems to be constant for the frequency range tested with discontinuities in the 
same frequency range as in figure 4.5. Also, the lower pressure case has lower attenuation 
than the higher pressure case, which is consistent with figure 4.5 

The effect of length and pressure on the absorption coefficient of Fiberglass is shown in 
figure 4.9. The results confirm intuition in that the thicker test sample absorbs more sound, 
although at atmospheric pressure the difference is not so pronounced. 

Kevlar Results 

Results from the impedance testing of Kevlar proved to be very interesting. The two 
thicknesses used for the characteristic computations were chosen rather arbitrarily at 28.575 
mm (1.125 inches) and 57.15 mm (2.25 inches). Since the Kevlar samples came only in 
9.525 mm (0.375 inch) thick sheets, three layers were stacked for the 28.575 mm (1.125 inch) 
thick sample and six layers were stacked for the 57.15 mm (2.25 inches) thick sample. The 
absorption coefficient spectra for these two thicknesses were nearly identical as shown in 
figure 4.10, where 29 mm diameter data at P a tm data are presented. This behavior was also 
observed with 100 mm diameter data. Note that the discontinuous "spike" in absorption 
coefficient in figure 4.10 is similar to that seen in figure 4.6. As discussed earlier, it is 
believed that this is due to the interface mismatching between layers of the individual Kevlar 
sheets. If the two samples of different thicknesses have the same input impedance, the Two 
Thickness Method (TTM) for determining characteristic acoustic properties fails. This is 
described in detail in appendix A. Thus, for the two thicknesses of Kevlar tested, 
characteristic properties could not be computed, at least with the method described in appendix 
A. 


After cryogenic testing on Kevlar was completed, input impedance of Kevlar as a function 
of number of sample layers was measured in the impedance tube for both diameter test sample 
sizes. A diminishing effect of thickness of Kevlar was observed. Figure 4.11 shows 
absorption coefficient of Kevlar as a function of thickness for selected frequencies. Note that 
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Figure 4.8 Effect of pressure on attenuation rate of Fiberglass. 
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Figure 4.9 Effect of test sample length on absorption coefficient of Fiberglass 
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after exceeding a thickness of approximately 1 inch, the absorption coefficient approaches a 
constant value. These results are consistent with figure 4.10 and with data of Hersh and 
Walker 11 . 

By increasing the thickness of Kevlar, it appears that a limit of absorption has been reached. 
This is precisely what one would expect if one were to use an infinitely thick absoption 
material. This is equivalent to stating that input impedance is equal to characteristic impedance. 
This is further elaborated below. It can be postulated that after 1 inch of thickness, Kevlar 
behaves as if it is "infinitely" thick. 

The input impedance of a material can be expressed by the equation: 

Zj = z c coth(y/) 

where z ; and z c are the input and characteristic impedances, respectively. This is based on the 
boundary conditions imposed by the impedance tube on the material sample. (See Appendix A 
for details.). If the sample length, /, were considered to be infinite, than the hyperbolic 
cotangent of yl becomes unity. Thus the input impedance becomes equal to the characteristic 
impedance. 

In the present case, for Kevlar, there is no increase in absoiption after a thickness of 1 inch 
is reached. This behavour is similar to that of an infinitely thick material. Thus in view of the 
above argument, the implication of this result is that the input impedance data of 57.15 mm 
(2.25 inches)-thick Kevlar is also the characteristic impedance. 

To further confirm this hypothesis, the characteristic impedance of Kevlar was obtained in 
two ways. First, the Two Thickness Method was applied to the data for 0.375-inch and 0.75- 
inch thick Kevlar. Note that from figure 4.11, the absorption coefficient is significantly 
different between these two cases. Second, the input impedance from a 2.25-inch thick Kevlar 
sample was taken as the characteristic impedance. Figure 4.12 shows the characteristic 
impedance of Kevlar, comparing the Two Thickness Method with the "infinite" thickness 
length assumption. There is very good agreement and therefore all of the 2.25 inch thick data 
of Kevlar can be assumed to be the characteristic acoustic data. As a final confirmation of the 
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Figure 4.12 Comparison of Two Thickness approach to characteristic impedance calculations and 
the "infinite" length assumption of characteristic impedance. 




validity of this assumption, characteristic impedance data of Kevlar obtained by Smith and 
Parrott at NASA LaRC 7 were compared with present results and are presented in figure 4.13. 
The data agreed favorably over a range of frequencies. 

Pyrell Results 

The initial sub-atmospheric acoustic impedance tests of the Pyrell foam produced 
unexpected results. For both frequency range (and thus sample diameter size) data, at 25% of 
atmospheric pressure, the absorption coefficient for the 2-inch thick foam was found to be 
higher than that for 4-inch thick foam. At atmospheric pressure, this trend is not as evident. 
Figure 4.14 shows the absorption coefficient of 2 and 4.0 inch Pyrell foam at atmospheric and 
25% atmospheric pressure. At 25% P atm , the absorption coefficient is higher for the 2.0 inch 
case across the whole frequency range. At atmospheric pressure, this trend is somewhat 
mitigated by the oscillatory nature of the 2.0 inch data. Using these data, the characteristic 
impedance was calculated and is presented in figure 4.15. The absorption coefficient trend 
with decreasing pressure is reflected in figure 4.15. 

Another unexpected result is the attenuation rate of Pyrell. Figure 4.16 shows the 
attenuation rate of Pyrell for the two extreme pressure cases. Note, at about 4250 Hz for the 
atmospheric pressure case, a large spike in attenuation rate is observed. This can be explained 
by the existence of a singularity in the method of calculation (see appendix A). If the two input 
impedances which contribute to the propagation constant are nearly identical at a given 
frequency, the resulting attenuation rate is theoretically infinite at that frequency. Figure 4.17 
shows the two components of input impedance for Pyrell foam. Note that there is a small 
frequency range where both components of the impedance show that the two input impedances 
are identical. This range corresponds to the spike in the attenuation rate in figure 4.16. Also, 
at frequencies below 4000 Hz, figure 4.16 shows that the attenuation constant for the 25% 
P atm case is larger than that for the atmospheric case. This is counter to the absorption data 
presented earlier in figure 4.4. In summary, out of the three materials tested, Fiberglass and 
Kevlar appear to indicate a decrease in the value of the attenuation constant with decreasing 
pressure. For Pyrell, the attenuation constant increases in value at lower pressures. No 
explanation is available at this stage to explain this difference. 
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Figure 4.14 Effect of test sample length on the absorption coefficient 
of Pyrell foam. 
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Figure 4.15 Effect of pressure characteristic impedance of Pyrell Foam. 
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Figure 4.17 Effect of test sample length on input impedance of Pyrell foam. 




Due to the small diameter to length ratio of the samples fabricated for the small diameter 
impedance tube, the quality of the cut was not as reliable. This was particularly evident in the 
fabrication of the Pyrell foam sample with diameter and length dimensions of 29.0 mm (1.15 
in.) and 101.6 mm (4.0 inches) respectively. All samples fit in the tube with a good snug fit, 
with the exception of the 101.6 mm-inch Pyrell sample mentioned above. In this case the fit 
was not as snug as the other samples, yet it was sufficient to keep it in place in the impedance 
tube against the force of gravity. All measurements taken have an error arising from the quality 
of the impedance tube/test sample boundary conditions. For this study, various cuts of the 
same dimensions were not used to determine the extent of this error or to obtain an "average" 
measurement. 


4.5 Cryogenic Cycling Test - Results and Discussion 

After testing the material samples in the sub-atmospheric facility, they were placed in the 
cryogenic cooling facility for repeated low temperature/high pressure exposure. Each test 
sample was tested separately. The general operation of the facility is described in section 2. 
The cycle times averaged approximately 8 minutes. The tests were performed for a total of 250 
cycles which took an average of 33 hours. Testing was not continuous. The liquid nitrogen 
tank generally lasted 3-4 hours and the facility had to be stopped to replace the empty tank. 
Most of the testing occurred in 5-8 hour segments separated by as much as 15 hours. 

The hypodermic thermocouples were calibrated before each new material was placed in the 
cooling chamber and at the half way point of the 250 cycles. Calibration consisted of placing 
the thermocouples alternately in a glass of ice water and a pot of boiling water. The computer 
controlled facility was set to cool the samples to an average temperature of -150 °F and warm 
to an average temperature of 70 °F. The test was also monitored with a video camera which 
allowed the facility to be left unmanned at times. 

Figures 4.18 through 4.20 show the temperature histories of the three tested materials 
during cryogenic cooling for only a "snapshot" hour. Figures 4.21 through 4.23 show the 
pressure histories for selected time segments of the tests. These figures show that a fairly 
consistent cycling of the environment was achieved. This was a direct result of the computer 
controlled test operation. Also, note that for Kevlar, there are only two temperature curves. 


61 




62 


Figure 4.18 Si 
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Figure 4.1 
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Figure 4.21 Snapshot time history of chamber pressure during cryogenic cooling phase of Pryell. 




Sxsd ‘ajnssajj jaquiBq3 


Figure 4.22 Snapshot time history of chamber pressure during cryogenic cooling phase of Fibei 
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This is a result of an erroneous reading of one of the hypodermic thermocouples which was 
spotted earlier on in the Kevlar cycling, thus, only the remaining two thermocouples were used 
to form an average material temperature. 


4.6 Cycling Effects on Acoustic Properties - Results and Discussion 

After 250 cycles of low temperature and high pressure exposure, the liner material samples 
were re-tested in the sub-atmospheric facility to identify changes, if any, to the acoustic 
properties. The liner samples were inspected visually for any physical damage that may have 
occurred. The samples seemed to be in the same physical condition (macroscopically) as they 
were before the 250 cycle test. The test matrix shown in table 3.2 was followed again. 
Figures 4.24 through 4.26 show absorption coefficient spectra of the three tested materials for 
the 29 mm diameter sample size. The cooling and pressurizing cycles appear to have no 
characteristic effect on the absorbing performance of each of the liner materials. This implies 
that all of the acoustic properties (e.g,. impedance, propagation constant, etc.) are unaffected 
by the cycling. This is one of the main results of this study. As will be shown in the next 
section, the cycling did not affect the resiliency of the materials either. 

The results of the periodic cold soak for Pyrell foam were further substantiated by a harsher 
test 13 . Separate Pyrell foam test samples for the 29- mm diameter impedance tube were cut in 2 
and 4-inch thicknesses. To simulate periodic cold soak, the test samples were immersed 
completely in a vat of liquid nitrogen. The samples were taken out of the vat after the they 
weresaturated. The test samples were allowed to thaw to ambient conditions and then they 
were immersed in the liquid nitrogen again. This cycle was repeated ten times 12 . Figure 4.27 
shows a photograph of the Pyrell foam samples as they are thawing to ambient conditions. 
Before the first immersion into liquid nitrogen and after the final thawing, the test samples 
were placed in the B&K 4206 impedance tube and acoustic properties were obtained. Figure 
4.28 shows the absorption coefficients for the 2-inch thick test sample. The results show that 
exposure to a very servere cold environment does not affect the acoustic properties of Pyrell 
foam. 
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Figure 4.24 Effect of periodic cold soak on absorption coefficient of Pyrell Foam. 
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Figure 4.25 Effect of periodic cold soak on absorption coefficient of Fiberglass. 
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Figure 4.26 Effect of periodic cold soak on absorption coefficient of Kevlar. 





4.27 Thawing process of Pyrell foam after being saturated with liquid nitrogen. 
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Figure 4.28 Effect of repeated liquid nitrogen saturation of Pyrell foam on absorption coefficient. 







5.0 RESULTS OF MECHANICAL RESILIENCY TESTS 


5.1 Summary of Results 

As a part of the effort to determine the effects of periodic cold soak on acoustic liner 
material, a measurement of the mechanical response was made. A test was performed to 
provide a measure of the mechanical resiliency of the liner materials. The test consisted of 
compressing a sample of the liner material to 25% of it's length, releasing, and letting the 
material return to its natural state. Measurements of the sample length were made before and 
after the compression. 

The tests were carried out on Pyrell foam and Fiberglass. Due to the nature of the Kevlar 
fabric, it was determined that this type of test would not be useful. The Pyrell samples were a 
nominal four inches in length and 100 mm in diameter. The Fiberglass samples were a 
nominal two inches in length and 100 mm in diameter. The tensile/compression rig used for 
this test was shown in figure 3.3. Figure 5.1 shows Pyrell and Fiberglass samples mounted in 
the test rig before and during compression. A wooden plate was used to allow a uniform force 
to compress the samples. 

Table 5.1 shows the results of the resiliency tests. Two sets of Pyrell and Fiberglass 
samples were used, one set which has been periodically cold soaked in the cryogenic cooling 
chamber. The other set was from the unsoaked samples. It was concluded from these results 
that the periodic cold soak did not affect the mechanical resiliency of the Pyrell or the 
Fiberglass. The differences in the length between the two cases are attributable to nominal 


measurement 


Uncycled 



Cycled 



Initial 

Final 

%AL 

Initial 

Final 

%AL 

Pyrell 

4.12 

4.08 

0.97 

4.08 

4.04 

0.98 

Fiberglass 

2.00 

1.97 

1.50 

2.00 

1.97 

1.50 


Table 5.1 Results from mechanical resiliency tests on Pyrell and Fiberglass samples. 
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Pyrell Foam Fiberglass 

5. 1 Mechanical resilency test for Pyrell foam and Fiberglass. 



6.0 CONCLUDING REMARKS 


6.1 Summary of Work Done 

This report documents the results of an experimental study on how acoustic properties of 
certain absorbing liner materials are affected by non-standard atmospheric conditions. This 
study was motivated by the need to assess risks associated with incorporating acoustic testing 
capability in wind tunnels with semi-cryogenic high Reynolds number aerodynamic and/or low 
pressure capabilities. The study consisted of three phases: 1) Measurement of acoustic 
properties of selected liner materials at sub-atmospheric pressure conditions, 2) Periodic cold 
soak and high pressure exposure of liner materials for 250 cycles, and 3) Determination of the 
effect of periodic cold soak on the acoustic properties of the liner materials at sub-atmospheric 
conditions and the effect on mechanical resiliency. 

The selected liner materials were Pyrell foam, Fiberglass, and Kevlar. A vacuum facility 
was used to create the sub-atmospheric environment in which an impedance tube was placed to 
measure acoustic properties of the test materials. Results of the Phase I tests revealed that 
lower ambient pressure reduced the absorption effectiveness of the liner materials to varying 
degrees. 

An automated cryogenic cooling system was used to perform the Phase II tests. Super- 
cooled air was passed through the liner material placed inside a specially-designed chamber to 
reduce the material temperature. A computer was used to automate and control the data 
acquisition and cycling of each material test. A cycle consisted of reducing the material 
temperature to -150 °F, then pressurizing to 5 atmospheres, and then returning the material 
back to ambient temperature and pressure. Each liner material was subjected to a total of 250 
cycles. 

Finally, Phase I tests were repeated to determine the effect of periodic cold soak and high 
pressure cycling on the acoustic properties of the liner materials. Results indicate that no 
significant change in the acoustic properties occurred after the periodic cold soak. 
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Furthermore, mechanical resiliency tests were earned out which indicated that no change in the 
liner material resiliency had occurred. 

6.2 Recommendations and Future Work 

The results of the present study raise some interesting questions: 

1 . Since sub-atmospheric ambient pressure conditions seem to decrease the 
absoiption characteristics of certain bulk liner materials, what is the physical 
basis for this phenomena and how do other sound absorbing materials 
behave under similar conditions? 

2. How do the acoustic properties of potential liner materials change in the 
presence of flow? 

3 . How does the acoustic performance of potential liner materials differ when 
oblique incident sound energy is present? 

4. How do reactive liners perform at non-standard atmospheric conditions? 

The answers to these questions will contribute to a more complete understanding of the main 
objective outlined in Section 1 of this report, namely, how can one integrate acoustic 
requirements into the initial phase of wind tunnel designs. 
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APPENDIX A 


A.l Calculation of Characteristic Acoustic 
Properties of Bulk Materials. 

A. 1.1 Theory of sound absorption by homogenous materials. 

The determinations of acoustic properties for the bulk liner materials tested in this report 
was based on the theory of sound absorption by homogenous materials outlined by Zwicker 
and Kosten 11 . If one considers a layer of bulk absorbing material of thickness l, bounded at 
x x = 0 by impedance z, and at x 2 = l by impedance z 2 (see figure Al), the governing equation 
for the impedance at x x is: 

z 2 cosh(yl ) + z c sinh(yl ) 

1 c z 2 sinh(yl) + z c cosh(yl) 

where A-l 

z c = Complex Characteristic Impedance 
y = Complex Propagation Constant 

A special case of z 2 = 00 results in the governing equation being reduced to the simplified 
form of: 


z, = z c coth(yl ) A-2 

Equation A-2 is valuable for investigating bulk absorbing material with a completely hard 
back wall, as shown in figure A2. Equation A-2 then becomes the basic equation used for the 
computation of the characteristic acoustic properties of a bulk absorbing material. 

A. 1.2 Two Thickness Method of Analysis - Sample Calculations 

It is shown above that for absorbing materials with a rigid back wall the governing equation 
for the input impedance is a function of the characteristic impedance, propagation constant, and 
the thickness of the material. The objective is to find the characteristic acoustic properties of 
the bulk liner materials. Following Smith and Parrott 7 , two samples of the same material (one 
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thickness being twice of the other) can be used to find the characteristic properties. From the 
previous section, the governing equations for two thicknesses of material backed by a rigid 
wall are: 


*i =z c coth(^) 
z 2 =z c coth(y2/) 

The task is now to find z c and y by solving equation A-l given / and the complex input 
impedances z x and z 2 . Solving for the characteristic impedance yields: 

Zc = V 2 l( 2z 2~Zl) A ’ 4 


Solving for the propagation constant yields: 

' l + i./ ' 

L 1 — M _ 

where 



u = 


2 z 2 ~ z, 2 

Zi . 


A-5 


A-6 


From equations A-5 and A-6, it is- evident that if the complex impedances z x and z 2 are 
equal, then the propagation constant becomes infinite. As an example on how the characteristic 
properties are calculated from equations A-4 through A-6, data from impedance tube tests of 
ceramic honeycomb material (CT73) will be used to calculate characteristic impedance and 
propagation constant. From impedance tube measurements, the input impedance of two 
thickness of CT73 at a frequency of 1000 Hz are: 

z x = 0.3077 - 0.9304i for 1 = 1.73 inches 

z 2 = 0.6913+ 0.4877i for 1 = 3.46 inches 

Substituting into equation A-3 and solving yields: 
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z c = [(0.3077 - 0.9304/)(2(0. 6913 + 0. 4877/) -(0.3077 -0.9304/))] 2 
= [(0.3077 - 0.9304/)((1.3826 + 0.9754/) - (0.3077 - 0.9304/))] 2 
= [0.3307 + 0.5864/ - 1.0001/ + 1.7732]! 

= [2.1039 — 0.4137/]! 

= [2.1442e' ( ' lu244) p 

= 1.4643e' ( ” 55<522) 

^ = 1.4574-01419/ 

x v 

As noted previously, the impedances are normalized to the impedance of the ambient air. 
The real and imaginary components of the characteristic impedance are the characteristic 
resistance and reactance, respectively. Using the same input impedances, the propagation 
constant is now computed, starting from equation A-6: 

\_ 

2(0. 6913 + 0. 4877/)-(0.3077 -0.9304/) ~j 2 
M ~|_ (0.3077 - 0.9304 /) 

= ~ (L0749 + L9058/) ~E 
”L 0.3077 - 0.9304/. 

2. 1880e' (60 5763) l 2 
O.98OOe' ( ~ 7170 ° 0) _ 

= [2.2327e i(1322763) p 
u = 1. 4942e /(66 1382) = 0. 6045 + 1. 365/ 


Using l- 1.73 inches = 0.04394 m and substituting into equation A-5 yields: 
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_ 1 f l + (0.6045 + 1.3665/) ' 

7 21 [1- (0.6045 + 1. 3665/) _ 

_ 1 f (1.6045 + 1,3665/) ' 

” 2(0.04394) n [ (0.3955 - 1.3665/) 

1 2.1075g ,(4O 4199) " 

” 0.087884 n [_1.4226e‘ (-73 ' 8582) _ 

= 1 1.3786 ln[l. 48 14e ,(114 ' 2781) ] 

= 11.3786[ln(1.4814) + 1.9945/] 
y = 44716 + 22,6946 / 

a (i 


The real component of y is the attenuation rate (a) and the imaginary component is the 
phase constant (p). In order to express the attenuation rate in dB/m the following 
computations need to be made: 



a dB = 20 log 



= 20 log 



= 20log( [ e a(h --' l) ) 

= a.20 log{e^ 2 ~' 1 ^ 
with 1 

a dB - [20 loge]a 


or 

a dB =8. 6859a 

m 


Thus the propagation constant computed previously becomes: 
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7 = 38.8399 + 22.6946/ 

a P 

Where the attenuation rate, a and the phase constant, P are in dB/m and rad/m 
respectively. 
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APPENDIX B 


This Appendix contains acoustic property data obtained from Phase I and Phase III of this 
program (see Section 1 of this report). This data includes absoiption coefficient, normalized 
characteristic impedance, attenuation rate, and phase constant spectra. In general, as stated in 
the concluding remarks of this report, a significant change in the acoustic properties was not 
observed after periodic cold soak of the liner materials. However, it is believed that any 
significant differences that appear in the foregoing appendix are due to the inability of 
reproducing the exact vacuum pressure condition in both cases. 

Before and after periodic cold soak results are presented in each figure with the following 
exceptions: figure BIO, figure B42, figure B46, figure B70 and figure B78. Only data from 
Phase I was presented for these plots because the Phase III data was lost on a computer during 
a power outage. 

Figure B88 does not contain Phase I data because of an inability to calculate the attenuation 
constant by the Two Thickness Method. The input data for figure B88 are the impedance of 
Fiberglass at 25% Pamb- A comparison of this input data reveals that Zj and z 2 are sufficiently 
close in value as to prevent accurate calculation of the attenuation constant (see Appendix A for 
characteristic property calculation). This is a similar problem which was experienced with 
Kevlar and discussed in detail in the report. 
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Figure Bl. Absorption coefficient of Pyrell foam, P = P , L = 50.8 mm, D = 29.0 mm. 
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Figure B2. Absorption coefficient of Pyrell foam, P = 75% P , L = 50.8 mm, D = 29.0 
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Figure B3. Absorption coefficient of Pyrell foam, P = 50% P , L = 50.8 mm, D = 29.0 mm. 
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Figure B4. Absorption coefficient of Pyrell foam, P = 25% P^, L = 50.8 mm, D = 29.0 mm. 
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Figure B5. Absorption coefficient of Pyrell foam, P = P , L = 101.6mm, D = 29.0 mm. 
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Figure B6. Absorption coefficient of Pyrell foam, P = 75% P , L = 101.6mm, D = 29.0 mm. 
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Figure B7. Absorption coefficient of Pyrell foam, P = 50% P^, L = 101.6mm, D = 29.0 mm. 
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Figure B8. Absorption coefficient of Pyrell foam, P = 25% P , L = 101.6mm, D = 29.0 mm. 





Absorption Coefficient 



0 1111 i i i i i I I . .1 L- 1 1 1 

100 200 300 400 500 600 700 800 900 1000110012001300140015001600 


Frequency (Hz) 

Figure B9. Absorption coefficient of Pyrell foam, P = P^, L = 50.8 mm, D = 100.0 
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Figure BIO. Absorption coefficient of Pyrell foam, P = 75% P , L = 50.8 mm, D = 100.0 mm. 
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Figure Bll. Absorption coefficient of Pyrell foam, P = 50% P^, L = 50.8 mm, D = 100.0 mm. 
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Figure B12. Absorption coefficient of Pyrell foam, P = 25% P , L = 50.8 mm, D = 100.0 mm. 
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Figure B13. Absorption coefficient of Pyrell foam, P = P^, L = 101.6 mm, D = 100.0 mm. 
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Figure B15. Absorption coefficient of Pyrell foam, P = 50% P , L = 101.6 mm, D = 100.0 mm. 
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Figure B16. Absorption coefficient of Pyrell foam, P = 25% P , L = 101.6 mm, D = 100.0 mm. 
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Figure B17. Absorption coefficient of Fiberglass, P = P^, L = 50.8 mm, D = 29.0 mm. 
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Figure B18. Absorption coefficient of Fiberglass, P = 75% P , L = 50.8 mm, D = 29.0 mm. 
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Figure B19. Absorption coefficient of Fiberglass, P = 50% P^, L = 50.8 mm, D = 29.0 mm. 
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Figure B20. Absorption coefficient of Fiberglass, P = 25% P . , L = 50.8 mm, D = 29.0 mm. 
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Figure B21. Absorption coefficient of Fiberglass, P = P^, L = 101.6mm, D = 29.0 mm. 
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Figure B22. Absorption coefficient of Fiberglass, P = 75% P , L = 101.6mm, D = 29.0 mm. 
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Figure B23. Absorption coefficient of Fiberglass, P = 50% P atm , L = 101.6mm, D = 29.0 mm. 
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Figure B24. Absorption coefficient of Fiberglass, P = 25% P , L = 101.6mm, D = 29.0 mm. 
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Figure B25. Absorption coefficient of Fiberglass, P = P^, L = 50.8 mm, D = 100.0 mm. 
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Figure B26. Absorption coefficient of Fiberglass, P = 75% P , L = 50.8 mm, D = 100.0 mm. 
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Figure B27. Absorption coefficient of Fiberglass, P = 50% P , L = 50.8 mm, D = 100.0 mm. 
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Figure B28. Absorption coefficient of Fiberglass, P = 25% P , L = 50.8 mm, D = 100.0 mm. 
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Figure B29. Absorption coefficient of Fiberglass, P = P , L = 101.6 mm, D = 100.0 mm. 
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Figure B30. Absorption coefficient of Fiberglass, P = 75% P^, L = 101.6 mm, D = 100.0 mm. 
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Figure B31. Absorption coefficient of Fiberglass, P = 50% P^, L = 101.6 mm, D = 100.0 mm. 
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Figure B32. Absorption coefficient of Fiberglass, P = 25% P , L = 101.6 mm, D = 100.0 mm. 
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Figure B33. Absorption coefficient of Kevlar, P = P^, L = 28.56 mm, D = 29.0 mm. 
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Figure B34. Absorption coefficient of Kevlar, P = 75% P , L = 28.56 mm, D = 29.0 mm. 
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Figure B35. Absorption coefficient of Kevlar, P = 50% P^, L = 28.56 mm, D = 29.0 mm. 
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Figure B36. Absorption coefficient of Kevlar, P = 25% P , L = 28.56 mm, D = 29.0 mm. 
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Figure B37. Absorption coefficient of Kevlar, P = P^, L = 57.15 mm, D = 29.0 mm. 
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Figure B38. Absorption coefficient of Kevlar, P = 75% P , L = 57.15 mm, D = 29.0 mm. 
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Figure B39. Absorption coefficient of Kevlar, P = 50% P^, L = 57.15 nun, D = 29.0 nun. 
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Figure B40. Absorption coefficient of Kevlar, P = 25% P , L = 57.15 mm, D = 29.0 mm. 
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Figure B42. Absorption coefficient of Kevlar, P = 75% P , L = 28.56 mm, D = 100.0 mm. 
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Figure B44. Absorption coefficient of Kevlar, P = 25% P , L = 28.56 mm, D = 100.0 mm. 
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Figure B48. Absorption coefficient of Kevlar, P = 25% P , L = 57.15 mm, D = 100.0 mm. 
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Figure B49. Characteristic Impedance of Pyrell foam, P = P , D = 29.0 mm. 
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Figure B50. Characteristic Impedance of Pyrell foam, P = 75% P , D = 29.0 mm. 
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Figure B51. Characteristic Impedance of Pyrell foam, P = 50% P atm , D = 29.0 mm. 
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Figure B52. Characteristic Impedance of Pyrell foam, P = 25% P , D = 29.0 mm. 
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Figure B54. Characteristic Impedance of Pyrell foam, P = 75% P , D = 100.0 mm. 
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Figure B56. Characteristic Impedance of Pyrell foam, P = 25% P ata , D = 100.0 mm. 
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Figure B57. Characteristic Impedance of Fiberglass, P = P , D = 29.0 mm. 
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Figure B58. Characteristic Impedance of Fiberglass, 75% P = P , D = 29.0 mm. 
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Figure B59. Characteristic Impedance of Fiberglass, 50% P = P^, D = 29.0 mm. 
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Figure B60. Characteristic Impedance of Fiberglass, 25% P = P , D = 29.0 mm. 
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Figure B61. Characteristic Impedance of Fiberglass, P = P , D = 100.0 mm. 
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Figure B64. Characteristic Impedance of Fiberglass, P = 25% P , D = 100.0 mm. 
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Figure B65. Characteristic Impedance of Kevlar, P = P , D = 29.0 mm. 
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Figure B66. Characteristic Impedance of Kevlar, P = 75% P , D = 29.0 mm. 
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Figure B67. Characteristic Impedance of Kevlar, P = 50% P^, D = 29.0 mm. 
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Figure B68. Characteristic Impedance of Kevlar, P = 25% P , D = 29.0 mm. 
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Figure B69. Characteristic Impedance of Kevlar, P = P , D = 100.0 mm. 
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Figure B70. Characteristic Impedance of Kevlar, P = 75% P , D = 100.0 mm. 




100 200 300 400 500 600 700 800 900 1000110012001300140015001600 

Frequency (Hz) 


Figure B71. Characteristic Impedance of Kevlar, P = 50% P^, D = 100.0 mm. 
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Figure B72. Characteristic Impedance of Kevlar, P = 25% P , D = 100.0 mm. 
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Figure B73. Attenuation rate of Pyrell foam, P = P^, D = 29.0 mm. 
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Figure B74. Attenuation rate of Pyrell foam, P = 75% P , D = 29.0 mm. 
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Figure B75. Attenuation rate of Pyrell foam, P = 50% P^, D = 29.0 mm. 
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Figure B76. Attenuation rate of Pyrell foam, P = 25% P , D = 29.0 mm. 
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Figure B77. Attenuation rate of Pyrell foam, P = P^, D = 100.0 mm. 
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Figure B78. Attenuation rate of Pyrell foam, P = 75% P , D = 100.0 mm. 

atm 






dB/cm 






dB/cm 










dB/cm 


6 



Frequency (Hz) 


Figure B82. Attenuation rate of Fiberglass, P = 75% P , D = 29.0 mm. 
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Figure B83. Attenuation rate of Fiberglass, P = 50% P^, D = 29.0 mm. 
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Figure B84. Attenuation rate of Fiberglass, P = 25% P , D = 29.0 mm. 
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Figure B85. Attenuation Rate of Fiberglass, P = P , D = 100.0 mm. 
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Figure B86. Attenuation Rate of Fiberglass, P = 75% P , D = 100.0 mm. 
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Figure B87. Attenuation Rate of Fiberglass, P = 50% P^, D = 100.0 mm. 
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Figure B88. Attenuation Rate of Fiberglass, P = 25% P atm , D = 100.0 mm. 
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Figure B89. Attenuation rate of Kevlar, P = P^, D = 29.0 mm. 
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Figure B91. Phase Constant of Pyrell foam, P = P amb , D = 29.0 mm. 
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Figure B92. Phase Constant of Pyrell foam, P = 75%P u , D = 29.0 mm. 
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Figure B93. Phase Constant of Pyrell foam, P = 50%P , D = 29.0 mm. 
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Figure B95. Phase Constant of Fiberglass, P = P^, D = 29.0 mm. 
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Figure B96. Phase Constant of Fiberglass, P = 75%P , D = 29.0 mm. 
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Figure B97. Phase Constant of Fiberglass, P = 50%P , D = 29.0 mm. 
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Figure B98. Phase Constant of Fiberglass, P = 25%?^, D = 29.0 mm. 
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